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Abstract 
      In the Multi-point Diffraction Strain Sensor (MDSS), a micro lens array is installed in front of the camera as the 
key component for wavefront sampling. Alternatively, a liquid crystal spatial light modulator (LC-SLM) can be 
used to replace the physical lens array, on which we have designed various Diffractive Optical Element (DOE)-
based micro lens arrays to display. However it is difficult to investigate the quality of these lenses by traditional 
metrology since the wavefront profile is modulated by the inner LC cells instead of the solid surface of optical 
components. 
      In this paper, we introduced the Digital Hologram (DH) method to characterize the quality of these DOE-based 
micro lenses or lens arrays by measuring the whole phase profile of outcome beam through the SLM. First the 
design formula of the DOE micro-lens array is given. Then the characterization procedure for such lens array is 
demonstrated. The reconstructed results of the lens profiles are shown, which can be used for further qualification.  
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1. Introduction 
Diffractive Optical Element is a widely used optical technique in various fields[1, 2]. For the MDSS system, we 
have designed various DOE-based micro lens arrays displayed on the LC-SLM to replace the traditional physical 
lens array[3, 4]. The most advantage of using DOE-based lenses on the SLM is that their parameters, such as focal 
length and lens diameter, are tuneable directly by software. Also the procedure for fabrication and installation of the 
physical lenses are avoided. 
In strain and tilt measurement by the MDSS system[3, 5, 6], the focal length and primary aberrations are key 
factors have to be investigated. However it is difficult to determine the quality of these DOE micro-lens arrays 
quantitatively, since the lens profile cannot be measured by either contact metrology or interferometry as measuring 
the solid surfaces of the physical lenses.  
In this paper, we introduced the Digital Hologram (DH) method to characterize the quality of these DOE-based 
micro lenses or lens arrays by measuring the phase profile modulated by the SLM. First, the design of the DOE 
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micro-lens array is introduced. Then the DH setup for characterization is demonstrated. The reconstructed results of 
the lens profiles are shown, which can be used for further qualification. 
2. DOE micro-lens design 
The SLM used in the experiment is LC2002C, a liquid crystal micro display in transmission mode with a 
resolution of 800 x 600 in pixels. And its pixel size is 32 ȝm with fill factor of 55%. It is operated by Amplitude or 
Phase Modulation. Phase shift can reach 2 ʌ at the wavelength of 532 nm. These parameters such as resolution and 
pixel size are considered in the lens design. 
The transmission function of an ideal thin lens under paraxial approximation is: 
                                              (1) 
where r is the radial coordinate in the lens plane,  is the phase function. And f is the focal length. k is the wave 
vector which is determined by:  
                                                                            (2) 
The phase function  is used for design the DOE lenses: 
                                                      (3) 
In Cartesian coordinates: 
                                                             (4) 
Since the SLM screen is composed by discrete pixels, phase quantification process is employed for each pixel. The 
phase value is: 
                                                                (5) 
where i and j are the column and row index of each pixel in the SLM, d is the pixel size of the SLM. In the 
experiment the pixel size is 32 . 
Finally a modulus operation is taken on the phase value, so the remainder is scale from 0 to 255 and rounded 
into integers. The gray value is: 
                                                   (6) 
This gray value of a designed lens can be saved into an 8-bit image file. 
 
In Fig 1. there are some lenses we designed with different focal lengths. For the single lenses, their sizes are 
much smaller than SLM screen. 
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(a)             (b)           (c) 
Fig 1. DOE lenses with different focal lengths. (a)f=80mm (b)f=120mm (c)f=160mm 
 
 A periodic lens array with focal length of 120mm is shown in Fig 2. It is generated by duplication of the 
central area of the single lens in Fig 1(b). 
 
 
Fig 2. DOE lens array with focal length of 120mm 
 
The most important feature of the DOE lenses used in MDSS is the focal length since it is used as a parameter 
to calculate the measurement results[4, 5]. Another feature we concern is the lens aberration. Although it is 
impossible to generate an ideal focal point image in practice, sharper point image can improve the centroid results 
thus accuracy of the whole system. So it is beneficial to measure the lens quality and improve design by the 
measured information. 
 
3. Digital Holography setup for characterization 
The digital hologram has been used for full-filed phase modulation characterization of the SLM[7]. The 
schematic experimental setup of digital hologram for DOE-based lens characterization is shown in Fig. 3. The two 
plane waves interfere to generate digital hologram. The orientation angles of the analyzer and polarizer are set as  
and  respectively to achieve the maximum phase modulation depth.  
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Fig 3. Experimental setup for DOE lens characterization by digital holography. BS-Beam splitter, P-Polarizer, A-
Analyzer, L-Collimation lens and CCD-Charge coupling device 
 
Under Fresnel approximation, the complex object wave recorded at CCD plane  diffracted from SLM 
pixel plane (x,y) is given by: 
                    (7) 
where t(x,y) is the transmission function of the LC-SLM, k is wave vector and z is the distance between SLM plane 
and CCD plane. The hologram recorded at the CCD plane is defined as: 
where  and  are the pixel indices of the camera and  are the 
size of the sensor in pixels.  
The digital holograms are recorded by a CCD camera with a 1280 960 pixel resolution and 4.65  pixel 
size. Convolution method is used to reconstruct the real image wave for amplitude and phase information. 
The reconstructed real image wave is  
                                   (9) 
Where  and  are the pixel indices of the reconstructed image, 
and  are the size of the hologram. Digital holograms are recorded corresponding to the gray level 
differences between the reference and the modulated regions. The phase value is quantitatively calculated directly 
by: 
                                 (10) 
 
4. Results and Discussion 
Both single lenses and lens array are tested by the DH method. Single lenses with different focal length of 
80mm, 120mm and 160mm, are tested. The hologram, reconstructed phase map and transversal line profile are 
shown in Fig 4. 
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The reconstructed phase profiles are quite similar for different focal length. From the more detailed line profile 
through the transversal section of each lens, there are some slightly differences in the shape of phase profile due to 
their focal length differences and the aberrations existed in practical use of the SLM. And the maximum phase 
modulation differences in each lens are all about 3.7 in radius.   
 
 
 (a)                    (b)                     (c) 
 
 (d)                    (e)                     (f) 
 
 (g)                    (h)                     (i) 
Fig 4. The hologram, reconstructed phase map and transversal line profile of lenses with focal length of 80mm, 
120mm and 160mm respectively. (a)(d)(g): the holograms; (b)(e)(h)reconstructed phase distribution; (c)(f)(i): 
transversal line profile of the phase. 
 
Fig 5. showns similar results of a lens array. However it is noticed that the maximum phase modulation 
difference is only about 3.0 in radius. It can be contributed to the compact arrangement of periodic lenses which 
raises the background phase modulation. 
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 (a)                                       
 (b) 
(c) 
Fig 5. Test results of lens array. (a)hologram; (b)reconstructed phase in 3-D view with scale; (c) transversal line 
profile of the phase along three selected lenses(indicated by the yellow line across three lenses in the phase map)  
5. Conclusion 
The experimental results have demonstrated the feasibility of DH for the characterization of DOE lenses designed 
for LC-SLM. The reconstructed phase distribution of the hologram is used for characterizing the functionality of 
lenses, in our purpose, the focusing quality of the lenses. For MDSS system, the focal length and primary 
aberrations of the DOE-based micro lens arrays are key factors. Currently the phase modulation property of the 
DOE lens on the SLM can be acquired, however the accuracy and stability of the results need to be improved then 
the wavefront analysis, such as Zernike polynomial fitting, can be used to predict the focal length and aberration of 
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lenses designed. The final results can be used as a quantitative qualification of the DOE lenses or as feedback to 
revise and improve the previous DOE lens design. 
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